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A chemical order—disorder polymorphic phase transition in
yttrium oxyfluoride (YOF) was studied in situ by X-ray and
neutron powder diffraction. The high-temperature form of
YOF crystallizes with a cubic Fm3m fluorite structure in
which the O and F atoms are disordered among the tetrahed-
rally coordinated sites. The low-temperature form of YOF ex-
hibits thombohedral R3m symmetry and evolves from the
high-temperature form by the phase transition associated
with the ordering of the O and F atoms. The transition occurs
around 560 °C. The superstructure contains layers of [OY,]
and [FY,] tetrahedra alternating along the c-axis of the tri-

gonal cell (parallel to the <111> direction of the parent cubic
structure). The ordering of the O and F atoms is accompanied
by the significant displacements of the Y, O, and F atoms
from their ideal positions in the cubic phase. Bond valence
sum calculations indicate considerable bond strain for both
O and F in the cubic structure; the strain is relieved in the
ordered low-temperature phase. The order—disorder trans-
ition in YOF is completely reversible and exhibits fast non-
quenchable kinetics.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Phase equilibria in the Ba—Cu—Y—F—0 system have
become the subject of intensive investigation after the
BaF,—Cu—Y precursor films, deposited on RABITS and
annealed in water vapor, demonstrated the potential for
producing high quality Ba,YCu3O0¢, . (Y-213) supercon-
ductor tapes.! One of the critical questions in studies of
phase equilibria in this system concerns the existence of the
transient fluorine-containing low-temperature melts, which
could control formation of the Y-213 phase. Recent
systematic studies of melting temperatures in the
BaF,—YF;—Y,03—CuO, subsystem using differential
thermal analysis (DTA) showed a peak at 7= 560 °C that
could be attributed to such a transient melt.l?) However,
subsequent analyses of these samples using variable-tem-
perature X-ray powder diffraction demonstrated that this
DTA event is associated with a nonquenchable phase tran-
sition in the stoichiometric yttrium oxyfluoride.[ The crys-
tal structure of YOF has been studied previously.*4 Zach-
ariasen® reported both rhombohedral and tetragonal
room-temperature forms of YOF. The tetragonal form is
stabilized by the excess fluorine and occurs for the compo-
sitions YO, ,F5_,, with 0.7 < n < 1.0, whereas the rhombo-
hedral structure is stable for the stoichiometric composition
with n = 1. Both structures have been described as deriva-
tives of the cubic fluorite archetype with the ordering of
oxygen and fluorine atoms into distinct tetrahedrally coor-
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dinated sites. Later X-ray diffraction studies by Bevan and
Mann confirmed the rhombohedral structure of stoichio-
metric YOF with the space group R3m (a = 3.797 A, ¢ =
18.89 A). Zachariasen! has alluded to the potential exist-
ence of the disordered high-temperature cubic fluorite
phase; however, all attempts to quench the cubic form were
unsuccessful. Later studies®®~ 7 confirmed the existence of
the rhombohedral 2 cubic phase transition in YOF at
560—570 °C, but provided few details on the evolution of
structural parameters upon this phase change. In the pre-
sent contribution, we report a detailed study of such non-
quenchable order—disorder phase transition in stoichio-
metric YOF as analyzed in situ by variable-temperature X-
ray and neutron powder diffraction.

Results and Discussion

The room temperature X-ray powder diffraction patterns
of YOF, both slowly cooled and quenched from 600 °C,
were completely indexable according to the rhombohedral
(R) unit cell with lattice parameters ag = 3.800(5) A and
cg = 18.863(9) A. In addition to the major YOF phase,
the sample contained small amounts of Y,O3. As the Y,03
reflections do not overlap with those of YOF, they do not
affect the refinement of the YOF structure and were ex-
cluded from the analysis. In situ studies of the YOF sample
with high-temperature X-ray diffraction revealed a revers-
ible phase transformation to a cubic (C) structure as in-
ferred from the disappearance of the rhombohedral reflec-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 87



FULL PAPER

I. Levin, Q. Z. Huang, L. P. Cook, W. Wong-Ng

16000

111C?,®,=. 110,

14000 |
12000 |-
10000 -

8000 |

Intensity, counts

6000

4000 -

2000

Figure 1. Evolution of the 2223/110g and 111, reflections upon
heating/cooling across the rhombohedral 2 cubic transition during
in situ X-ray powder diffraction measurements

tion splitting (Figure 1). The transition occurred at 7, =
575 °C, which is in reasonable agreement with T, = 565 °C
deduced from the DTA measurements (Figure 2).
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Figure 2. DTA plot for YOF; the transition temperature was deter-
mined from the extrapolated intersection of the baseline with the
linear portion of the rising peak

Structural refinements using neutron powder diffraction
data (Table 1, Figure 3, a) and the initial atomic positional
parameters from ref.¥) confirmed that the low-temperature

Table 1. Refined structural parameters for the rhombohedral and
cubic YOF polymorphs

Atom X ¥ z Uiy X100 A2

T = 514 °C K, R3m, a = 3.8205(2) A, ¢ = 19.019(1) A

Y 0 0 0.2418(1) 1.40(4)
F 0 0 0.3698(1)  2.61(7)
o) 0 0 0.1211(1) 1.89(6)
T = 613 °C, Fm3m, a = 5.4527(2) A
Y 0 0 0 2.99(4)
OIF 1/4 1/4 1/4 3.51(4)
88 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (Upper) Experimental (crosses) and calculated (line) neu-
tron powder diffraction profiles of YOF acquired at a) 514 °C
(rhombohedral phase), and b) 613 °C (cubic phase); regions con-
taining reflections of the impurity phase were excluded from the
fit; (lower) residual; the fitting reliability parameters are R,
6.22%, 7 = 1.18 for T = 514 °C, and R, 032y = 120 for T =
613 °C

YOF polymorph crystallizes with a rhombohedral R3m
superstructure. The superstructure features layers of [FY,]
and [OY,] tetrahedra alternating along the cg-axis (Fig-
ure 4). The atomic positional and displacement parameters
refined for 7' = 514 °C are summarized in Table 2. In the
rhombohedral structure, all three species, Y, O, and F, exhi-
bit appreciable displacements (vy = 0.0082cg, vgp =

N —— Rhombohedral cell

oY, — O/FY,
~— Cubic cell—
FY, — O/FY, |

oY, — OFY,

[111)

FY, {

*q y " (b) Cubic
.‘l

(a) Rhombohedral

Figure 4. Schematic representation of the refined YOF rhombo-
hedral (left) and cubic fluorite (right) structures
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0.0052¢g, vo = 0.0039¢R) from the ideal positions in the
cubic fluorite; the displacements occur along the c-axis,
which is parallel to the <111>, direction of the cubic fluor-
ite. The resulting Y —F bond distances (2.435 A and 2.4412
A) are significantly longer than the corresponding Y—0O
distances (2.297 A and 2.2763 A). Refinements of aniso-
tropic temperature parameters did not reveal any significant
anisotropy of displacements and produced little effect on
the quality of the fit; therefore, in the final refinement run,
the temperature parameters were assumed to be isotropic.
As the site occupancies refined for the O and F positions
were within the estimated standard uncertainties (2%) from
the ideal values of unity, both positions were assumed to be
fully occupied. Both [FY,] and [OY,] tetrahedra are apprec-
iably distorted (Figure 5) as seen from comparison of both
Y-F-Y (115.4°/103.0°) and O—-Y—-0O (114.1°/104.3°)
angles with a value of 109.47° in a perfect tetrahedron.

Table 2. Selected bond distances, and calculated BVS values for the
YOF polymorphs

F-Y (A) 0-Y (A)
Rhombohedral (7' = 514 °C)

2.435(4) 2.297(4)
2.4412(9) X3 2.2763(5)

BVS = 0.94 v.u. BVS =194 v.u .

Cubic (T = 613 °C)
2.3611(1) 2.3611(10)
BVS = 1.16 v.u. BVS = 1.57 vau.

Average BVS = 1.37 v.u.

104.29(5)
114.12(4)

3 R205(2)

Figure 5. Coordination environment of the Y atoms in the YOF
rhombohedral structure at 514 °C; selected bond distances and
angles are indicated

Heating the YOF sample in situ during the neutron dif-
fraction measurements caused a reversible phase transition
to the cubic structure (Figure 6); the transition temperature
T = 520 °C in the neutron experiments is lower than that
determined with both DTA and X-ray diffraction. The
lower value of T|, from the neutron measurements was attri-
buted to the temperature gradient in the furnace (up to 10
°C) combined with slow conduction of heat from the vac-
uum of the furnace through the container wall to the YOF

Eur. J. Inorg. Chem. 2005, 87—91 www.eurjic.org

powder. The neutron diffraction patterns recorded at 7" =
500 °C and 7 = 540 °C (on the thermocouple) contained
single rhombohedral and cubic phases, respectively. In con-
trast, the neutron diffraction pattern recorded at 520 °C
contained a two-phase mixture. Given the nonquenchable
kinetics of the rhombohedral 2 cubic phase transition, the
coexistence of these two phases at 7' = 520 °C for a pro-
longed time was attributed to thermal gradients across the
relatively large neutron sample. The temperature depen-
dence of the lattice parameters refined for the YOF poly-
morphs is summarized in Figure 7. The rhombohedral 2
cubic transition appears to be a first-order transition and is
accompanied by a volume change of about 0.6%.

A structural model based on the ideal cubic fluorite
structure (space group Fm3m) with a disordered mixture of
F and O atoms on the fourfold coordinated sites (Table 2)
provided a satisfactory fit to the experimental data at T =
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Figure 6. Evolution of the 110x/108 and 220, neutron reflections
upon heating/cooling across the rhombohedral 2 cubic transition;
at 7= 520 °C (on the thermocouple) a two-phase mixture is ob-
served, presumably due to the thermal gradients in the sample
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Figure 7. Temperature dependence of the lattice parameters for the
rhombohedral and cubic phase; a significant volume change upon
the rhombohedral 2 cubic transition is observed
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613 °C (see b in Figure 3). The symmetries of the high-
temperature cubic and low-temperature rhombohedral
phases obey a group—subgroup relation.

Bond valence sum (BVS) calculations for this cubic struc-
ture indicate strong under- and over-bonding for the O and
F atoms, respectively, whereas the bond requirements for Y
are closely satisfied. Such strong deviations from the ideal
BVS values suggest the existence of local atomic displace-
ments in the cubic structure aimed to accommodate the
bonding requirements of the O and F atoms. Indeed, values
of the temperature/displacement parameters for the Y and
O atoms increased discontinuously upon transition to the
cubic phase (Figure 8), which can be attributed to dis-
ordered local displacements of these atoms from their ideal
positions in the cubic structure. Interestingly, temperature
parameters for the over-bonded F atoms displayed no evi-
dence for such local displacements. In contrast to the cubic
phase, the low-temperature rhombohedral phase features
nearly ideal BVS values for both O and F atoms. The BVS
analyses suggest that simultaneous satisfaction of the bond-
ing requirements for the O and F atoms, which cannot be
achieved in the ideal cubic fluorite arrangement, provides a
driving force for the O/F ordering and the associated ion
displacements. Fast nonquenchable kinetics for the O/F
order—disorder transition in YOF can be attributed to the
high anion mobility often observed in fluorite-based ion
conductors.
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Figure 8. Temperature dependence of the isotropic temperature/
displacement parameters, Ui, for the Y, O, and F atoms in the
YOF polymorphs; the Uy, parameters for both Y and O, but not
F, exhibit a discontinuous increase upon the rhombohedral 2 cubic
transition; such an abrupt increase in the magnitude of Ui, sug-
gests the presence of local disordered displacements of both Y and
O atoms in the cubic phase

Conclusions

YOF crystallizes with two polymorphs separated by the
F/O order—disorder phase transition at 7" = 560 °C. The
high-temperature form features a cubic Fm3m fluorite
structure — the O and F atoms are disordered on the tetra-
hedrally coordinated sites. The ordering of F and O atoms
upon transition to the low-temperature phase yields
rhombohedral R3m symmetry and the lattice parameters

90 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ar = aclv2, cg = 2acv3. This fluorite-based superstructure
contains layers of [OY,4] and [FY,] tetrahedra alternating
along the c-axis of the trigonal cell (parallel to the <111>
direction of the parent cubic structure). The ordering of the
O and F atoms is accompanied by the displacements of the
Y, O, and F atoms from their ideal positions in the cubic
phase. Bond valence sum calculations indicate considerable
bond strain for both O and F in the cubic structure. The
refinements suggest significant local displacements for the
O and Y atoms (but not F), which are likely aimed to satisfy
the bonding requirements of the anions. The bond strain
about both O and F is relieved in the ordered low-tempera-
ture phase. The order—disorder transition in YOF is revers-
ible and exhibits fast nonquenchable kinetics.

Experimental Section

Polycrystalline samples of YOF were prepared using powders of
Y,0; (Alfa Industries, lot # 093080, 99.999% purity, metals basis)
and anhydrous YF; packed under Ar (Alfa Aesar lot # D10 K11,
99.9% purity, metals basis). Prior to use, the Y,0; was preheated
at 600 °C for 1 h to remove moisture. A 5-g mixture of Y,03 and
YFj; in equimolar proportion was weighed in an Ar-filled glovebox
with a continuously recirculating purifier, which removed contami-
nants to <1 ppm by volume. The powder mixture was transferred
to a thermoanalyzer and annealed overnight at 500 °C in flowing
Ar; the powder was contained in a platinum-lined crucible to pre-
vent any reaction of YF; with the ceramic crucible. This procedure
was repeated with intermediate grindings five times. The total mass
lost during synthesis was 0.4 wt.-%.

Simultaneous differential thermal analysis/thermogravimetric
analysis (DTA/TGA) experiments were completed in a Mettler TA1
thermoanalyzer outfitted with Anatech digital control and data ac-
quisition electronics. DTA crucibles were fabricated from high pu-
rity Pt tubing, and experiments were conducted at a ramp rate of 10
°C/min. Phase-transition onset temperatures during heating were
determined from extrapolated intersection of the baseline with the
linear portion of the rising peak. The DTA apparatus was cali-
brated against the a—b quartz transition (571 °C) and the NaCl
melting point (801 °C); DTA temperatures were estimated to have
< *3 °C standard uncertainty.

High-temperature X-ray diffraction (HTXRD) measurements were
conducted in a Siemens 5000 6—0 diffractometer equipped with a
high-temperature furnace and a position sensitive detector. Cu-K,,
radiation was used. The samples were prepared by applying a thin
layer of powder (finely ground as an ethanol slurry) to a Pt heating
band. The X-ray diffraction experiments were conducted under He
gas flow.

Neutron powder diffraction data for Rietveld analysis were col-
lected on the BT1 diffractometer at the Center for Neutron Re-
search at the National Institute of Standards and Technology, using
a Cu(311) monochromator with a wavelength of 1.5402(2) A, and
an array of 32 He-3 detectors at 5° intervals. Collimation of 15',
20’, and 7" arc were used before and after the monochromator,
and after the sample, respectively. The YOF sample was held in a
vanadium cylindrical sample container and heated in a furnace un-
der vacuum. The data were collected over the 260 range 3—168 ° at
11 temperatures between 450 °C and 613 °C. The GSAS packagel®!
was used for Rietveld structural refinements.
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